The total punchthrough probability of showers produced by negative pions, positive pions, positive kaons and protons, has been measured as a function of depth in an absorber in a magnetic field ranging from 0 to 3 Tesla. The incident particle momentum varied from 10 to 300 GeV/c. The lateral shower development and particle multiplicity at several absorber depths have been determined. The measure ments are compared with the predictions of Monte Carlo simulation programs.
Introduction
The unprecedented design luminosity (3% > 1034cm~2s" 1) and center of mass energy (yfs = 14 TeV) planned for the Large Hadron Collider (LHC), extends considerably the mass range for the discovery of Higgs and SUSY particles, additional W and Z bosons, and other new particles. Single lepton and dilepton triggers are expected to play a crucial role in tagging the decay of these heavy particles. In this high rate environment, muons offer an advantage over elec trons since the trigger decision can be made after a thick absorber where the particle flux is low.
The prompt muon rate at the LHC is expected to be very high and dominated at all transverse momentum values by a Doctoral student from Univ. of Santiago de Compostela, Spain b Visitor from Imperial College, London, UK c Now at Univ. of Alabama, USA d Now at Dipartmento di Fisica del Politecnico, Milano, Italy muons from charm and bottom decays [1] . Sources of muon backgrounds in a typical collider detector are: uncorrelated neutrons and gammas coming from hadronic interactions in a very forward calorimeter, muons from 7r and K decays in a tracking volume in front of a calorimeter, and hadronic punchthrough. Hadronic punchthrough consists of two com ponents: penetrating muons from 1r and K decays in the hadronic shower cascade and other charged particles (mainly soft hadrons and electrons) composing the unabsorbed rem nant of the hadronic shower. Therefore, in this text when we speak of punchthrough particles, we mean punchthrough muons and all other particles exiting the calorimeter. Like wise, when we refer to punchthrough muons, we refer only to the muon component.
In the design of detectors for the LHC, it is important to understand the punchthrough contribution to the trigger rates. Furthermore, high particle rates in the muon measure ment stations, due partly to hadronic punchthrough, can af fect track segment reconstruction efficiency. Pattern recogni tion algorithms may fail to efficiently identify track segments if there are too many nearby tracks.
The RD5 collaboration at CERN [2] was formed to study topics related to muon detection at future hadron colliders. These topics included: measurement of the to tal punchthrough probability of hadronic showers [3] , mea surement of angular and momentum distributions of punchthrough muons [4] and study of the influence of a strong magnetic field on punchthrough particles. In addition, RD5 has conducted muon trigger studies, investigated the effect of electromagnetic secondaries on muon measurement [5] and tested various types of large area muon detectors. An Fig. 1 . Schematic of the RD5 detector in its 1993 configuration overview of the RD5 experimental program can be found in [6] . In Sects. 2 and 3 below, we describe the RD5 de tector and the experimental method used to measure total punchthrough. In Sect. 4, the Monte Carlo simulation pro gram is described. Next, in Sect. 5, we present the results of measurements of the total punchthrough probability of hadrons as a function of meters of iron equivalent for an absorber in a 3 T magnetic field and no field. The lateral distribution of shower particles and the shower particle mul tiplicity measured at two absorber depths are also presented. The effect of the magnetic field on these measured quanti ties is shown and the measurements are compared with the results of a Monte Carlo simulation. Finally, in Sect. 6 , the results are summarized.
Muon Drift Chambers

The RD5 detector
The RD5 experiment is located in the H2 beam of the CERN SPS North Area. The experimental set-up is shown in Fig. 1 . The detector was designed to simulate a CMS-like detec tor [7] , having tracking detectors, a calorimeter in a mag netic field and muon measurement stations in an iron return yoke. Each muon station consists of drift chambers and Re sistive Plate Chambers (RPCs) [8] . The set-up includes two magnets, a superconducting magnet (Ml), with a maximum 3 T field, and an iron toroidal magnet (M2) operated at 1.5 T. The magnet M l, which contains a tracking calorime ter (TRACAL), simulates the strong solenoidal field of CMS, while the magnet M2 simulates the CMS return yoke. The magnet M2, which is used as an absorber, is constructed as a closed magnetic circuit, 1.8 to 2 m thick.
The tracking calorimeter, TRACAL, consists of stain less steel plates interleaved with Honeycomb Strip Chambers (HSC) [9] . Each chamber has an active area of 0.6 x 0.8 m2, with 22 mm gaps between the absorbers. TRACAL was separated into two units. Between the first 13 HSC cham bers, the absorbers (stainless steel plates 0.8 x 1.0 m2) were 40 mm thick, thus totaling 12 times 0.25 nuclear interaction lengths, A. The next 12 gaps between the HSC chambers were filled with plates, each 80 mm thick, totaling another 12 times 0.5À. The total absorption power of TRACAL is therefore 9À. In front of TRACAL, a lead brick wall, of about one interaction length (29 Xq), was installed to ac count for the absorption of an electromagnetic calorimeter.
Three muon measurement stations are installed in front of, inside and behind the magnet M2 (see Fig. 1 ). The muon drift chambers [10] are used for precise measurement of par ticle trajectories in the RD5 spectrometer. RPCs equipped with 30 mm read-out strips in both projections [11] are placed on either side of the drift chambers. The muon station 1, being just after TRACAL, is at a depth of 10 À. The muon stations 2 and 3 are at depths of 21A and 31 A, respectively.
The beam definition is provided by two multiwire pro portional chambers (MWPCs: U1 and U3) and a silicon beam telescope.
The magnet M l [12] is composed of two parallel su perconducting coils without a yoke. In the RD5 coordi nate system, the axis of the two coils is oriented along the ^-direction, transverse to the beam direction. The beam is along the ^-direction. In the region between the two coils, the magnetic field is oriented predominately in the ^-direction. At the maximum field of 3 T, the radial com ponent is less than 0.67 % in the region near the beam line. TRACAL sits at the origin of the coordinate system and extends to ±1.1 m in the ^-direction and ±0.4 m in the ^-direction. The magnetic field strength varies signifi cantly over the length of TRACAL, along the beam-line, falling to about 50% of its maximum value at ±1.1 m. The bending power of M l can be expressed as ƒ B x dl, evalu ated over the length of TRACAL and along the beam axis (-1.1 m < x < +1.1 m, y = 0, z = 0). The bending power of M l evaluated over the length of TRACAL is 5.2 T*m. A uniform 4 T field in the barrel region of CMS will have a bending power of about 12 T-m.
Parts of the RD5 detector have been modified since the first run in 1991. Four new 2 x 2 m2 planes of RPC chambers were added in the second and in the third muon measurement station, with one plane on either side of the drift chambers. Each plane is made of two RPCs with 30 mm wide read out strips. All new detector planes are made of double-gap RPCs [13] that insure a better efficiency and a more precise timing. Furthermore, for the study of hadronic punchthrough, 417 there needs to be an efficient veto against hits produced by off-time and halo muons. A veto wall, that covers the entire area of the muon drift chambers, was built with an array of RPCs and placed 1.2 m upstream of the magnet M l. The RD5 trigger system (see also Fig. 1 ) consists of scintillators SI and S5 for the beam definition and S4a-b for beam size determination. The system of counters S2 and S3, together with the RPC veto wall described above, form a veto system against beam halo particles. It is ensured that there are no other particles crossing the 4 x 4 m2 area of the RPC wall within ±2(is around the triggering one.
Two trigger modes were used for the measurement of total punchthrough: a minimum bias trigger (MB) and a tenlambda (10À) trigger. The minimum bias trigger consisted of scintillators SI and S5 in anti-coincidence with the veto system, thus flagging a single particle entering the detector. The 10À trigger consisted of the minimum bias trigger with the additional requirement that there was at least one hit in the RPC counters in the muon station 1, at an absorber depth of 10 A. V A Cerenkov counter was used for running with positive pions, kaons and protons in order to distinguish various kinds of particles.
The data sample and analysis method
During the 1991 run period, data were taken with negative muon and pion beams. The beam momenta were 30, 40, 50, 75, 100, 200 and 300 GeV/c. The muon data were used to characterize the muon contamination in the pion beam and for detector calibration. The results of the analysis of the 1991 data have been previously published [3] .
In 1992 and 1993, the RD5 data set was expanded and also included negative pions of momentum 10 and 20 GeV/c as well as positive hadrons (7r+, K+ and protons) of momen tum 30 to 300 GeV/c. Data were also taken with the magnet M l at full field (3 Tesla).
We define the total punchthrough probability of hadronic showers at a given depth x as the ratio of the number of events with at least one hit in the detector at that depth x over the total number of events. This definition should be distinguished from the integral punchthrough probabil ity, which is defined as the number of hits measured in a detector divided by the total number of events. The integral punchthrough probability is equal to the total punchthrough probability times the average number of hits per event.
An algorithm, which accounts for chamber efficiencies and noise levels, was developed in order to find the actual penetration depth of each punchthrough particle. For data taken with the MB trigger, the pion and kaon beams con tained from 2 to 10% muon contamination, depending on beam momentum and particle type. The muon contamina tion comes from 7T or K decays upstream of the detector. Therefore, it was necessary to subtract this muon background offline. The algorithm which determines the most probable punchthrough depth of each event and subtracts the muon background is described in detail in reference [3] .
The efficiency of the RPCs in the veto wall was about 95%, thus not all halo muons were rejected. In addition there were some muons entering the detector at large angles out side of the area of the veto wall. An additional muon back ground comes from the presence of halo muons which oc curred in coincidence with normal hadronic showers. These events are characterized by having a large hadronic shower in the calorimeter followed by a muon track reaching the muon station 3. Events were identified as halo and rejected from the analysis if the muon track did not point back to the calorimeter. For the 7T" beam (depending on the beam momentum), 30% to 40% of all tracks reaching the muon station 3 did not point back to the calorimeter. For the tt+ beam the fraction was about 10%. These numbers were ver ified by visually scanning a sample of all events reaching the muon station 3 (100 events of each data set). A further requirement is that only a single beam particle enters the calorimeter. For each trigger, all events with more than one track in MWPCs, U1 and U2, are excluded from the analysis. This requirement excludes particles which begin to shower upstream of the calorimeter.
During data taking, the 10A trigger was used in order to increase measurement statistics at absorber depths greater than 10À. For example, the number of events with particles reaching the muon station 3 (31 A) was increased by a fac tor 2 to 7 (depending on the total number of 10A triggers recorded) over the statistics with the MB trigger alone. The correct trigger normalization for the data taken with the 10A trigger, was found by counting the number of 10A triggers which occur as a subset of the minimum bias triggers. After the results obtained with the 10A trigger condition had been properly normalized, the two sets of results (MB and 10À) were combined by a weighted average. The event statistics used in the present measurement of total punchthrough are presented in Tables 1 and 2 , for both MB and 10A trigger conditions.
Description of Monte Carlo simulation
Simulations of the RD5 experiment have been performed for five different momenta of 7r" beam and one momentum of K+. A primary purpose of the simulation is to validate the GEANT code, so that confidence may be held in its pre dictions concerning detector designs that are based on this widely used simulation program. The detectors included in the simulation were TRACAL, the RPCs, and the muon drift chambers. Also included in the simulation were both mag nets (Ml and M2), the lead brick in front of TRACAL and some concrete supports for the magnet M2. The simulation accounted for the 1.5 T field of M2 and two different field conditions (0 and 3T) of ML GEANT version 3.21 [14] was used for the simulation. Hadronic interactions were treated with the hadronic shower generators GHEISHA [15] and FLUKA [16] , for 10, 30, 50, 100 and 300 GeV/c negative pions, and GHEISHA, for 50 GeV/c positive kaons. The number of events generated ranged from 20,000 at 10 GeV/c to 3000 at 300 GeV/c. Digitization of charged particle hits in detectors were simulated and written to a file in the same format as the real data; these data were then processed with the same analysis program used for the real data. The GEANT en ergy thresholds used were, 1 MeV for all types of particles in the absorbers, and lOkeV for electrons and gammas in the sensitive volumes of the detectors. The lower thresh old in the sensitive volumes allowed photons to interact and produce low-energy electrons which could then be counted as hits. Further reducing these thresholds did not result in any significant changes in punchthrough distributions. The processes included in the simulation were pair production, Bremsstrahlung, 5-ray production, photonuclear fission, pho toelectric effect, Compton scattering, Rayleigh scattering, muon-nuclear interactions, multiple scattering, annihilation and decays. The beam spot was simulated as a gaussian distribution with a width consistent with the MWPC mea surements. 10 1 These data are characterized by two distinct regions. For example, consider the 100 GeV/c 7T~ data (Fig. 3) . For depths less than about 3 m iron equivalent, the curve has a steep slope which represents the absorption of the hadronic component of the shower as a function of increasing ab sorber depth. For depths greater than 3 m iron equivalent the curve flattens out; this represents the presence of pen etrating punchthrough muons produced as a component of the hadronic shower.
Results
Total punchthrough probability o f hadronic showers
In these figures one observes a reduction in the total punchthrough probability with the M l field at 3 T relative to that with Ml at OT. This effect may be explained, in part, by low energy shower particles curling in the magnetic field inside TRACAL and, in part, by punchthrough particles being deflected outside the detector acceptance by the fields of M l and M2. For depths less than 10À (< 1.69m iron equivalent), the geometrical acceptance of the RD5 detector is determined by the size of TRACAL, for depths greater than 10A, it is determined by the height of the magnet M2. The limited acceptance is more pronounced when the M l field is at 3T; particles may exit the calorimeter at large angles and be deflected outside the acceptance of the magnet M2.
In order to estimate the effect of the finite detector accep tance on the measurement of the total punchthrough prob ability, an additional GEANT simulation was run in which the size of TRACAL and the magnet M2 were expanded to cover the entire area (3.2 x 3.8 m2) of the muon drift cham bers. The reduction in the punchthrough probability caused by particles lost outside the detector acceptance was esti mated by comparing the total punchthrough probability at a given depth obtained from the simulation with the en larged geometry, to that obtained from the simulation with the normal RD5 geometry. It was found that, independent of incident hadron momentum, for the simulated events with M l off, the reduction in the punchthrough probability inside TRACAL ( < 1.69 m Fe equivalent) was less than a few percent and increased to 4.4 ± 0.6% at the muon station 1 and 5.7 ± 2.3% at the muon station 2 . For simulated events with Ml at 3T the reduction in the punchthrough probabil ity at the muon station 1 was 7.3 it 1.4% and increased to 51 ± 6% at the muon station 2 .
We can conclude that the reduction in the punchthrough probability (see Figs. 2, 3, 6 and 7) caused by the magnetic field, observed for absorber depths greater than 10 A (muon stations 1, 2 and 3), can be wholly explained by punchthrough The reduction in the punchthrough probability for absorber depths less than 10 A (within TRACAL) is expected to be caused by low energy shower particles curling back inside TRACAL. As expected, the reduction in punchthrough due to magnetic field is largest for lower momentum data. For the 10 GeV/c 7r~ data, the reduction in the punchthrough probability at 1,43 m iron equivalent was almost a factor 3.
The total punchthrough probability of 10 GeV/c negative pions, for both field conditions (3T and 0T), and 20 and 30 GeV/c negative pions, for a Ml field of 3T, were only measured up to the level of muon station 1 (approximately 10A). This is because the background muons coming from pion decays upstream of the detector were not completely removed by our muon subtraction algorithm. We regard as muons those events having one minimum ionizing track in TRACAL and a penetration depth up to muon station 3 (see Ref. [3] for details). For a large number of muons in the lower momentum pion beams, this definition fails because many of these muons are bent by the M2 magnetic field out side the acceptance of muon station 3. The fraction of back ground muons lost from the 10 GeV/c pion beam was esti mated by analyzing the 10 GeV/c muon data, It was found that 30% of these muons were bent out of the acceptance of the detector between muon station 2 and muon station 3 while another 5% were lost between muon station 1 and muon station 2 .
Next, we compare the total punchthrough probability of positive pions and kaons. In Fig. 8 , one sees that the punchthrough probability of 100 GeV/c positive pions is less than that of positive kaons, for a given depth. This difference can be explained by the fact that kaon-induced showers will contain more secondary kaons which have a higher prob ability to decay into muons [17] . Furthermore, the 7r+ and K+ inelastic cross sections per nucleon, at 100 GeV/c, are about 23 mb and 17 mb, respectively [18] . On average, pos itive pions will have a primary hard interaction earlier in TRACAL, relative to positive kaons, and, as a result, have a larger amount absorber available after the primary interac tion to stop the remaining shower.
Iron Equivalent (m) Fig. 9 . The total punchthrough probability as a function of meters of iron equivalent of 50 GeV/c simulated positive kaons is compared with the results of analysis of real data. Hadronic interactions were simulated using GHEISHA. The statistical error for the simulated data is shown for the last bin The total punchthrough probability of 50 GeV/c positive kaons is compared, in Fig. 9 , with results obtained using GHEISHA. The real data were taken with M l at full field.
Finally, we investigate the muon composition of the punchthrough showers as a function of absorber depth. In Fig. 10 , the muon component of simulated showers originat ing from 50 GeV/c negative pions is indicated by the dashed line. The particle identification information was recorded while running the simulation. proportion of simulated events with a muon present either at that depth or a greater depth. Both hadronic shower gen erators predict that hadronic punchthrough dominates until about 10À (1.69 m Fe equivalent), and punchthrough muons at greater depths.
Shower lateral distributions
Further properties of hadronic showers were investigated, in cluding the shower lateral distribution, as measured by TRA CAL wires. Figure 11 shows the distribution of hit wires in TRACAL layers 8 and 21, at about 2.5À and 7.5 A, respec tively. These layers were chosen to be representative of the shower at two different points: near the beginning and end of the shower development. The simulation results obtained with GHEISHA and FLUKA are compared with data. The incident beam particles were 50 GeV/c negative pions and the magnet M l was off. Each TRACAL layer consisted of 48 anode wires strung in the center of drift cells; the wire pitch is 12.7 mm. As seen in Fig. 11 a) , only the 32 cen tral wires of layer 8 were instrumented. Figure 12 shows the same distribution just described but with the Ml field at 3 T. In each figure, 0 cm indicates the nominal beam posi tion. The wire hit distributions in Figs. 11 and 12 have all been normalized by the total number of events in order to better compare their shapes. It is seen that the simulation results agree well with the data.
Shower multiplicity distribution
In this section the total charged particle multiplicity as mea sured by TRACAL wires and RPC strips is compared with the results of simulation. Figure 13 shows the TRACAL hit wire multiplicity in layers 8 and 21 for 50 GeV/c nega tive pions compared with predictions of the simulation. The histograms are normalized by the total number of events. Figure 14 shows the same distributions for M l at 3T. The number of events with zero multiplicity are not shown. As before, these layers were chosen to be representative of the shower near the beginning and at the end of the shower development.
The multiplicity of hit RPC strips is presented in Fig. 15 for 30, 50, 100 and 300 GeV/c negative pions as the incident particles. The RPC chambers used were in the muon station 1, at a depth of 10À. Again, the number of events with zero multiplicity are not shown. The experimental results are compared with the GEANT simulation. Both hadronic shower generators, GHEISHA and FLUKA, were used. The agreement of both hadronic shower generators are good. The Fig. 15 d) , for RPC strip multi plicity greater than 30, is due to lack of statistics for the simulated data.
Next, we demand the presence of a muon by requir ing that each punchthrough event also reaches muon sta tion 2. The results are presented in Fig. 16 , for 30, 50, 100 and 300 GeV/c negative pions as the incident particles. Note that for 30 GeV/c incident pions, the punchthrough muon is accompanied by few additional hits in muon station 1. In contrast, for the 300 GeV/c pion data, the muons reaching muon station 2 are accompanied, in muon station 1, by a 
Conclusions
We have measured the total punchthrough probability of hadronic showers produced by positive and negative pions, positive kaons and protons with primary momenta from 10 to 300 GeV/c. Measurements were made up to a depth of about 31 À, farther than measured by previous experiments. The dominant error in these measurements is the uncertainty in the subtraction of the muon contamination in the pion beam.
The punchthrough probability at the muon station 2 (3.49 m iron equivalent) and muon station 3 (5.29 m iron equiva lent) are most sensitive to this background. An appropriate systematic error has been added reflecting the uncertainty in the background subtraction. The influence of a 3 T magnetic field on hadronic punchthrough was experimentally investigated for the first time. The observed reduction in the punchthrough probability for absorber depths less than 10A is predominately caused by low energy shower particles curling back inside TRACAL. On the other hand, the reduction in the punchthrough proba bility for absorber depths greater than 10À can be explained by particles being deflected outside the RD5 detector accep tance.
The measurements have been compared with the results of a simulation of the RD5 detector using GEANT 3.21 and two different hadronic shower generators: GHEISHA and FLUKA. The GEANT energy thresholds used were: 1 MeV for all types of particles in the absorbers, and lOkeV for electrons and gammas in the sensitive volumes of the de tectors. The measured quantities, including the total punchthrough probability, the lateral shower distribution and shower particle multiplicity, were compared with the simula tion. The general agreement between the simulation program and all aspects of the punchthrough study in RD5, gives one confidence that this GEANT-based simulation program can be used to make predictions for the design of LHC detectors.
Appendix: Total punchthrough probability numerical results tabulated
The tables below contain the results of measurements of the total punchthrough probability of hadronic showers as a function of absorber depth. These are the results after all know muon backgrounds have been subtracted. The error is the sum of the statistical error and an additional error re flecting an uncertainty in subtracting the muon background. 424 The results below have not been corrected for the detector acceptance. 0.0031 ± 0.0003 0.0061± 0.0002 0.0124± 0.0004 2.89 0.0011 ±0.0002 0.0019± 0.0002 0.0036± 0.0002 3.49 0.0008 ± 0.0002 0.0010± 0.0001 0.0018± 0.0002 5.29 0.0003 ± 0.0001 0.0004± 0.0001 0.0007 ± 0.0002 Table 4 . Total punchthrough probability of 10, 20, 30 and 50 GeV/c nega tive pions, Ml field 3 T 10 GeV/c 20 GeV/c 30 GeV/c 50 GeV/c 0.15 0.9993± 0.0001 0.99981± 0.00005 0,9965± 0.0002 0.99997± 0.00002 0.19 0.9944± 0.0003 0.9942± 0.0003 0.9937 ± 0.0003 0.9990± 0.0001 0.23 0.9803 ± 0.0006 0.9846± 0.0004 0.9898± 0.0004 0.9978± 0.0002 0.27 0.9584± 0.0009 0.9695± 0.0006 0.9842± 0.0004 0.9962± 0.0002 0.31 0.932± 0.001 0.9523± 0.0008 0.9774± 0.0005 0.9944± 0.0003 0.35 0.892± 0.001 0.9347± 0.0009 0.9691± 0.0006 0.9921± 0.0003 0.39 0.838± 0.002 0.909± 0.001 0,9572± 0,0007 0.9885± 0.0004 0.43 0.774± 0.002 0.874± 0.001 0.9384± 0.0008 0.9830± 0.0005 0.47 0.718± 0.002 0.839± 0.001 0.9166± 0.0010 0.9746± 0,0006 0.51 0.649± 0.002 0.792± 0.002 0.887± 0.001 0.9619± 0.0007 0.55 0.573± 0.003 0.739± 0.002 0,853± 0.001 0.9468± 0.0008 0.59 0.500± 0.003 0.679± 0.002 0.807± 0.001 0.9234± 0.0010 0.63 0.437± 0.003 0.618± 0.002 0.754± 0.002 0.893 ± 0.001 0.71 0.361± 0.003 0.540± 0.002 0,686± 0.002 0.854± 0.001 0.79 0.298± 0.003 0,469± 0.002 0.616± 0.002 0.812± 0.001 0.87 0.236± 0.003 0.388± 0.002 0.526± 0.002 0.719± 0.002 0.95 0.169± 0.003 0.298± 0.002 0.425± 0.002 0.609± 0.002 1.03 0.098± 0.003 0.197± 0.002 0.312± 0.002 0.482± 0.002 1.11 0.065± 0.003 0.143± 0.002 0.245± 0.002 0.394± 0.002 1.19 0.047± 0.003 0.110± 0.002 0,203± 0.001 0.330± 0.002 1.27 0.027± 0.003 0.071± 0.002 0,155± 0.001 0.253± 0.002 1.35 0.016± 0.003 0.049± 0.002 0.114± 0.001 0.201 ± 0.001 1.43 0.010 ± 0.003 0.036± 0.002 0.089± 0.001 0.163± 0.001 1.51 0.022± 0.002 0.0656± 0.0009 0.124± 0.001 1.59 0.0370± 0.0007 0.0767± 0.0010 1.69 0.0230± 0.0005 0.0509± 0.0007 2.29 0,0040± 0.0003 0,0096± 0.0004 2.89 0.0020± 0.0002 3.49 0.0008 ± 0.0002 5.29 0.0003 ± 0.0001 
